Culture supernatants of permissive and non-permissive cells infected with human cytomegalovirus (HCMV) contain a growth factor that enhances the DNA synthesis and mitotic activity of target cells. This cytomegalovirus growth factor (CMV-GF) is a heat-stable, acid-labile polypeptide that is sensitive to trypsin and dithiothreitol. CMV-GF is an early product of the infected cells and defective virions are primarily responsible for its induction. Microtubule depolymerization is necessary for the induction of DNA synthesis by the CMV-GF, since taxol, an inhibitor of microtubule depolymerization, blocks its effect.
Stimulation of cellular DNA synthesis by human cytomegalovirus (HCMV) was described earlier and an early gene product was thought to be responsible for the effect (St. Jeor et al., 1974) . Further investigation showed that stimulation of host DNA synthesis occurs in cells infected with defective virions (DeMarchi & Kaplan, 1977) . Several polypeptides that stimulate cellular DNA synthesis have been described and have received considerable attention recently in studies of cell growth regulation (for review, see Antoniades & Owen, 1982) . Despite their common function, these polypeptides have different physicochemical properties and are derived from different sources. Recently, cell lines transformed by some of the oncogenic RNA (DeLarco & Todaro, 1978) and DNA (Kaplan et aL, 1981) viruses were found to initiate the synthesis of polypeptides which are released into the culture medium of the transformed cells and induce colony formation by target cells in soft agar. We report here a factor in serum-free culture medium of HCMV-infected permissive and non-permissive cells that increases the DNA synthesis and mitotic activity of target cells.
The Towne strain of HCMV (Furukawa et al., 1973) was used in these experiments. Supernatants of the infected or mock-infected permissive MRC-5 human embryo lung fibroblast cells and of the non-permissive BALB/c 3T3, clone A31T cells, freed of virus by highspeed centrifugation, were used as the source of cytomegalovirus growth factor (CMV-GF). Target cells were MRC-5, BALB/c 3T3 and secondary chick embryo cells. Table 1 shows that the rate of [.h,~e -3 H]thymidine (3 H-Td) incorporation and the mitotic indices were considerably higher in target cells treated with HCMV-conditioned medium than in control cells treated with conditioned medium from mock-infected cultures. Full expression of the virus genome was not necessary for the production of the factor; supernatant derived from MRC-5 cells inoculated with u.v.-irradiated virus or supernatants of infected BALB/c 3T3 cells in which viral DNA synthesis is blocked (LaFemina & Hayward, 1983) still retained stimulatory activity. Timecourse experiments showed that the culture media harvested on the 1st and 2nd days postinfection did not have a stimulatory effect and the CMV-GF reached detectable concentrations on the 3rd day (when stimulation was 1-5-to 2-fold) assayed on BALB/c 3T3 target cells by TCA precipitation and liquid scintillation counting. There was an increase in the concentration of the factor in the culture medium on the 4th or 5th day post-infection as indicated by a four-to eightfold higher rate of DNA synthesis in target cells (data not shown).
The stability of CMV-GF was studied by exposing it to different chemical and physical treatments as described by Kryceve-Martinerie et al. (1982) . The activity responsible for Short communication * The CMV-GF was prepared in the following way: MRC-5 cells (Furukawa et aL, 1973) or BALB/c 3T3 cells
(from Dr L. Diamond, The Wistar Institute), grown in 75 cm-' flasks, were infected with HCMV stock pool (m.o.i. = l) which had been serially passaged at high multiplicity, or with the same amount of u.v.-irradiated virus (8 k J/ mZ), or mock-infected. After a 2 h adsorption, the cells were extensively washed and serum-free MEM was added to the cells. The medium was harvested on the 4th or 5th day after infection and centrifuged at low speed for 20 min and then at 100000 g for 2 h (Beckman Ti60 rotor). The supernatant, which did not contain infectious virions, was used for the DNA stimulation experiments. Infectivity was detected by plaque titration (Wentworth & French, 1970) . MRC-5. BALB/c 3T3 and secondary chick embryo cells (from Dr M. Halpern, The Wistar Institute) were seeded in 2 cm Petri dishes at a density of 5 x l0 s cells in 10 % serum-containing ME M and grown to confluence (1 day). On the following day, the medium was changed to MEM containing 0-1% serum and the cells maintained in this medium for a further 4 days. On the 5th day after seeding the medium was removed and 2 ml of CMVconditioned medium or mock-infected conditioned medium, each supplemented with 1 ~/o serum, was added. The cells were labelled with I ~tCi/ml [3H]thymidine (80.1 Ci/mmol; New England Nuclear) for the 24 to 48 h interval and incorporation was determined by TCA precipitation and liquid scintillation. DNA stimulation is expressed relative to that given by mock-infected, conditioned medium. For assessment of mitotic activity, the cells were first grown on coverslips and serum starvation was carried out as described. CMV-conditioned medium or mockinfected c ~nditioned medium supplemented with 200 serum was added to the cultures for 48 h with 1 pg/ml Colcemid (Ciba) for the last 5 h. Cultures were then prepared as described previously (Boldogh et aL, 1978) . From each saint le, 2000 to 3000 cells were counted. The mitotic activity of the cells was expressed as the mitotic index, i.e. perce~ .tage of cells in metaphase.
enhance aaent of DNA synthesis of target cells remained stable after incubation tbr 30 min at 56 °C or after boiling for 3 min at 100 °C. It was inactivated after exposure to pH 2 and was destroye J after treatment with either dithiothreitol or trypsin. HCMV antibodies (a human serum p~ol with a virus neutralization titre of 1 :t28 and capable of detection of early viral antigen~ at a dilution of 1:100 by immunofluorescence) at final dilutions of 1 : 10 and 1:50 did not dec~ ease the DNA synthesis stimulation activity of CMV-GF (data not shown).
To determine the dose of CMV-GF necessary to stimulate DNA synthesis, the effect of concent~ ated HCMV-conditioned medium was compared to that of concentrated mock-infected culture J aedium by autoradiography as described by Boldogh et at. (1978) . The culture media were co ~centrated 200-fold by ultrafittration (Amicon concentrator) and the protein content measure:l by the Lowry method (Lowry et al., 1951) . Ten ~tg of crude protein per ml of the concent ated HCMV-conditioned medium gave about 5 ~/o labelled nuclei in the culture; 40 ~tg of crude pr ~tein per ml gave a peak of 30~o labelled nuclei. Increasing the amount of crude protein beyond 10 ~tg did not further increase the percentage of labelled nuclei. No or very few labelled nuclei ~ere found in the control cultures (data not shown).
A relationship between microtubule depolymerization and initiation of cell DNA synthesis by differen microtubule-disrupting drugs (Crossin & Carney, 1981) or by HCMV (Ball et al., 1982) has beel~ described. Taxol, an inhibitor of microtubule depolymerization, blocks initiation of cellular )NA synthesis by HCMV infection (Albrecht et al., 1984) . We added taxol (Taxol FR2, suppliec by Dr M. Suffness, National Institutes of Health, Bethesda, Md., U.S.A.) at a concent ation of 10 ~tg/ml to the target cells 1 h before or 3 h after the addition of CMV-GF, and found tl:at it completely inhibited the stimulatory effect of the CMV-GF (data not shown). (Miller & Rdzok, 1981 ) and infectivity was determined by plaque titration. CMV-GF was prepared and DNA synthesis stimulation of BALB/c 3T3 target cells was measured as described in the footnote to Table 1 . Thus, the mechanism by which CMV-GF stimulates host DNA synthesis may be similar to the mechanism by which the virus infection itself is stimulatory, i.e. through microtubule-related events (Albrecht et al., 1984) .
Infection at an m.o.i, as low as 0.001 with an HCMV stock pool serially passaged at high multiplicity resulted in induction of CMV-GF production. However, when a recently plaquepurified virus pool was used, an m.o.i, of at least 0.01 was required for the induction of the factor, and the stimulation of DNA synthesis was less significant ( Table 2) . The relationship between the number of virus particles counted by electron microscopy (EM) and the number of infectious virions was different in the serially passaged and plaque-purified virus pool (Table 2 ). These data show that defective particles are primarily responsible for the production of the GF. In the particle to p.f.u, ratio determinations, the dense bodies were excluded from the calculations although they may contribute somehow to the production of growth factor. Their presence in the input virus pool might explain the similar level of stimulation observed when the multiplicity of defective particles varied from 0.163 particles/cell to 163 particles/cell. Because infection with plaque-purified virus at an m.o.i, of 1 did not induce production of the factor, although the same m.o.i, did when a virus pool containing mostly defective virions was used, the infectious virions probably shut down the cellular functions responsible for production of the factor unless the defective virions are present in great excess. This is supported by our finding that u.v.-irradiated virions induced higher stimulating activity of the culture medium than non-irradiated virions (Table 1) .
Anti-HCMV antibodies, although able to neutralize infectious virions, did not neutralize CMV-GF activity. This result together with the finding that the concentration of CMV-GF in the culture medium reaches detectable levels only on the 3rd day post-infection suggest that CMV-GF is a synthesized and secreted protein of the infected cells and not a viral polypeptide of the input virions shed from the cell surface or released from the cells. It is not yet clear whether the CMV-GF is encoded by early viral genes or by cellular genes as a consequence of virus infection. Two observations suggest that the factor is a virus-induced cell-specified protein: (i) the HCMV antibodies interact with early and late proteins, as demonstrated by immunofluorescence and neutralization assays, without a resulting decrease in CMV-GF activity and (ii) u.v.-irradiated and defective virions induce higher stimulating activity of the culture medium than do unirradiated and non-defective virions.
CMV-GF resembles the platelet-derived growth factor (PDGF) in its stability during physicochemical treatments (Heldin et al., 1981) . However, the addition of 5 to 10~o plateletpoor plasma to the target cells 2 to 6 h after addition of the CMV-GF did not increase the stimulating activity of CMV-GF (Table 3 ). This observation suggests that CMV-GF and PDGF are not identical. CMV-GF also seems to differ from epidermal growth factor (EGF), fibroblast growth factor (FGF) and transforming growth factors (TGF) as indicated by differing stability during physicochemical treatments (Carpenter & Cohen, 1979; Antoniades & Owen, 1982) . However, EGF and FGF, each inoculated together with CMV-GF, exerted a synergistic effect on DNA stimulation (Table 3) as described for other GFs (Wharton et al., 1981) , suggesting that cell proliferation is controlled by a synergistic interaction among several GFs. Short communication * Unconcentrated CMV-GF, EGF (2 ng/ml), FGF (50 ng/ml) (Collaborative Research, Waltham, Mass., U.S.A.) and platelet-poor plasma (5~) (provided by Dr C. Scher, Children's Hospital of Philadelphia) were added to the target cells alone or together with CMV-GF at time zero, except where indicated. DNA synthesis stimulation was measured as described in the footnote to Table 1 .
Our data clearly show that a virus, in the course of productive or non-productive infection, can induce the synthesis and release into the culture medium of a polypeptide(s) able to stimulate DNA synthesis and mitotic activity of the target cells. The HCMV-GF may be involved in the transforming capacity of HCMV described earlier (for review, see Huang et al., 1984) or in the maintenance of the transformed phenotype of the cells.
